Our search for new polar fusicoccins biosynthetically related to fusicoccin A from the cultureˆltrate of isolate Niigata 2-A of a peach Fusicoccum canker fungus resulted in the isolation of new fusicoccins named fusicoccins P and Q, and 3-epifusicoccins H and Q, together with 3?-deacetylfusicoccin A and 16-Odemethyl-3-epifusicoccin J. The structures of fusicoccins P and Q, and of 3-epifusicoccin Q were determined to be those of deisopentenylfusicoccin J, 12a-hydroxyfusicoccin H and 12a-hydroxy-3-epifusicoccin H, respectively, by NMR spectrometry and chemical derivation from known fusicoccins. 3-Epifusicoccin H was identiˆed by comparing its 400 MHz NMR spectra with those of fusicoccin H. The lettuce seed germinationstimulating activity of these new fusicoccins was examined in the presence of ABA: fusicoccin P was highly active, while 3-epifusicoccins H and Q were slightly active, and fusicoccins H and Q were almost inactive. Possible biosynthetic pathways incorporating these new fusicoccins and 3-epifusicoccins from geranylgeranyl diphosphate to 3?-deacetlyfusicoccin A and 16-Odemethyl-3-epifusicoccin J are discussed.
Fusicoccin A (FC A), 1) one of the novel 5-8-5membered tricyclic diterpene glucosides produced by Phomopsis (Fusicoccum) amygdali Del. in Italy, is known as both a potent plant-growth stimulant 2) and an important plant plasma membrane H + -ATPaseactivating agent. 3) The unique and complex structure of FC prompted us to reinvestigate its biosynthetic intermediates in fungal cultures. Fusicoccins H(FC H) 4) and J(FC J) 5, 6) (Fig. 1 ) have been isolated as important biosynthetic intermediates for FC A of FCs from the fungus by British and Italian workers. We have also found 16-O-demethylfusicoccin J(16-Odemethyl-FC J) ( Fig. 1 ) as a possible common biosynthetic intermediate of FCs J and A from the fungus. 7) We have recently found the isolate, Niigata 2-A, of a peach Fusicoccum canker fungus as a highly 3?-deacetylfusicoccin A(3?-deacetyl-FC A)producing fungus (ca. 700 mg W ml) in Japan which was classiˆed as Phomopsis amygdali. 8) In our search for new biosynthesis-related metabolites from this fungus, new polar FCs, including unusual 3-epi-FCs, were found in the culture broth. We report in this paper the isolation and structures of new FCs, named fusicoccins P(FC P) and Q(FC Q), and 3-epifusicoccins H(3-epi-FC H) and Q(3-epi-FC Q) ( Fig. 3) , from isolate Niigata 2-A. Among these new FCs, only FC P having the 16-O-methyl group showed high germination-stimulating activity toward lettuce seeds in the presence of ABA. From the biosynthetic point of view, FCs P and Q are considered to be new FCbiosynthetic intermediates between FCs H and J. On the other hand, 3-epi-FCs H and Q are unusual FCs biosynthetically related to 16-O-demethyl-3-epi-FC J which has been isolated from Italian strains of Phomopsis (Fusicoccum) amygdali. 7, 9, 10) The possible biosynthetic pathways for 3?-deacetyl-FC A and 16-O-demethyl-3-epi-FC J are discussed.
Materials and Methods
General procedures. Optical rotation values were measured by a Horiba SEPA-300 digital polarimeter. 1 H-and 13 C-NMR spectra were recorded by a Jeol EX-400 or Lambda-600 spectrometer. FABMS and HR-FABMS spectra were recorded by a JMS-700 mass spectrometer. Wako FC-40 silica gel and Merck F254 No. 5554 silica gel TLC plates were employed for ‰ash chromatography and TLC analysis, respectively.
Extraction and isolation of FCs. Isolate Niigata 2-A was reciprocally shake-cultured at 259 C in 500-ml Sakaguchi ‰asks, each containing 100 ml of a 3z commercial sugar-1.5z Pharmamedia (Traders Co.)-0.5 z KH2PO4-0.75 z K2HPO4-0.1 z MgSO4・ 7H 2 O medium (pH 6.8). The cultureˆltrate (5.0 liters, pH 7.0) from the 5-day culture was adjusted with 5z aq. Na2CO3 to pH 9.5 and extracted with EtOAc, after its saturation with NaCl. The EtOAc extract (1.1 g) was carefully separated by silica gel ‰ash chromatography by using CHCl 3 W EtOH mixtures to give 12 fractions. FCs were detected by TLC with a vanillin-conc. H2SO4 spray reagent. Major known FCs, FC A (ca. 16 mg), 8) 3?-deacetyl-FC A (ca. 66 mg) 8) and 16-O-demethyl-3-epi-FC J (6 mg), 8) were respectively obtained from fractions 2 (30:1 CHCl3 W EtOH), 6 (15:1) and 7 (15:1). 16-O-Demethyl-FC J (8 mg) 7) and dideacetyl-FC A (ca. 27 mg) 11) were respectively obtained from fractions 8 (10:1 CHCl3 W EtOH) and 9 (10:1).
New polar FCs, 3-epi-FC H and FC P, were included with FC H in fraction 10 (10:1 CHCl3 W EtOH). These FCs were satisfactorily separated by a similar method, using a 20:1 mixture of EtOAc W (CH3)2CHOH, to give 3 fractions. Fraction 1? was further puriˆed by a similar method, using a 5:1 mixture of CHCl3 W EtOH, to give 3-epi-FC H (0.7 mg), and fractions 2? and 3? were puriˆed by a similar method to that for 3-epi-FC H to give FC P (0.6 mg) and FC H (1.7 mg), respectively. Other polar FCs, 3epi-FC Q and FC Q, which were included in fraction 11 (5:1 CHCl3 W EtOH), were separated by a similar method with a 10:1 mixture of EtOAc W (CH3)2CHOH to give 3-epi-FC Q (0.2 mg) as the less-polar fraction and FC Q (1.0 mg).
HPLC analysis of polar FCs. To analyze the polar FCs by HPLC, 8) they were extracted with EtOAc from the culture broth (5 ml) by a similar method to that already described, and the mixture of polar FCs was prepared by silica gel (Fuji-Devison BW-820, 500 mg) column chromatography. The column was eluted with a mixture of 1:1 CHCl3 W EtOH (4 ml) after elution with 10:1 CHCl 3 W EtOH (4 ml). The eluate of 1:1 CHCl3 W EtOH prepared from the 1.5-4.0-day cultures (pH 6.0-7.0) was analyzed by HPLC: column, Develosil ODS-UG-3; solvent, 13:12 MeOH W H2O; detection, UV 210 nm. Figure 2 shows an HPLC proˆle of the sample obtained from the 1.5-day culture (pH 6.0), this being similar to those of the other samples.
3 Preparation of FC P from FC J. FC J (10 mg) was treated with a mixture of 2 ml of 0.4 N HCl and 2 ml of MeOH at 509 C for 2.0 hr. The reaction product (4.7 mg) obtained from the reaction mixture by EtOAc extraction was separated by silica gel ‰ash chromatography to give colorless crystals (2.0 mg). This had mp 1299 C (EtOAc) and [a]D 23 +119(c 0.17, MeOH), and showed the same 1 H-and 13 C-NMR spectra as those of naturally isolated FC P from the fungus. treated with a mixture of 2 ml of 0.5 N HCl and 2 ml of MeOH at 609 C for 2.5 hr. The reaction product (4.5 mg) obtained from the NaCl-saturated reaction mixture by EtOAc extraction was separated by silica gel ‰ash chromatography to give a colorless solid (2.8 mg). This had [a]D 24 "129(c 0.25, MeOH) and showed the same 1 H-and 13 C-NMR spectra as those of naturally isolated 3-epi-FC Q from the fungus.
Preparation of FC Q from 16-O-demethyl-FC J. 16-O-Demethyl-FC J (7.8 mg) was treated with 0.25 N HCl in 1:1 MeOH W H2O (4 ml) at 609 C for 2.0 hr. The reaction product (6.2 mg) obtained from the NaCl-saturated reaction mixture by EtOAc extraction was separated by silica gel ‰ash chromatography to give a colorless solid (3.8 mg). This had [a]D 29 +1.99(c 0.32, MeOH) and showed the same 1 H-and 13 C-NMR spectra as those of naturally isolated FC Q from the fungus.
Seed germination-stimulating assay of FCs P and Q, and 3-epi-FCs H and Q. 12) The seed germinationstimulating activity of FCs P and Q, and of 3-epi-FCs H and Q was examined in the presence of (±)-abscisic acid (10 mg W ml) by a similar method to that used in our previous study. The stimulating eŠects of these FCs and 3-epi-FCs together with FC J on lettuce seed (Lactuca sativa, cv. Olympia) germination are shown in Table 3 .
Results and Discussion
Isolate Niigata 2-A of a peach Fusicoccum canker fungus (Phomopsis amygdali ) was shake-cultured in 500-ml Sakaguchi ‰asks, each containing 100 ml of a 3z commercial sugar-1.5z Pharmamedia-0.5z KH2PO4-0.75z K2HPO4-0.1zMgSO4 ・7H 2 O medium. This culture medium was maintained at pH 6.0-7.0 by adding a 0.5zKH2PO4 W 0.75zK2HPO4 mixture to the medium during the FC fermentation with this fungus. Under these conditions, acidlabeled FCs such as FC J and FC A and its derivatives, having an isopentenyl group in their molecule, were chemically stable in the culture medium. New polar FCs H and Q, and 3-epi-FCs H and Q were clearly detected in the culture medium at the early stage of cultivation by HPLC ( Fig. 2 ), suggesting that these FCs were real metabolites from the fungus. Extraction and isolation of these new FCs were carried out as described next. The EtOAc extract (ca. 1.1 g) obtained from the 5-day cultureˆltrate (5.0 liters, pH 7.0) was carefully separated and puriˆed by silica gel ‰ash chromatography with step-wise elution by CHCl3 W EtOH mixtures. New polar FCs P and Q (0.6 and 1.0 mg, respectively), and unusual 3-epi-FCs H and Q (0.7 and 0.2 mg, respectively) were isolated together with FC H. In addition, 3?-deacetyl-FC A (ca. 66 mg) as the major metabolic end-product and 16-O-demethyl-3-epi-FC J (6 mg) as a minor shunt metabolite 7) were also identiˆed by HPLC and NMR spectrometry.
The molecular formula of FC P was determined as C27H44O9 from its HR-FABMS data. The 1 H-NMR spectrum showed many signals characteristic of those of FC J (isopropyl, H-13 and H-8 methine, H-1 vinyl, H?-1 anomeric and 16-O-methyl protons) in the absence of typical signals of the isopentenyl group (two t-methyl and three vinyl protons) 13) (Table 1 ). Furthermore its 13 C-NMR data clearly indicated that FC P was deisopentenyl-FC J ( Table 2) . 7) The structure of FC P was also supported by HMBC experiments. In order to conˆrm its stereostructure, deisopentenyl-FC J was prepared from FC J by treating with 0.2 N HCl in MeOH W H2O at 509 C. Its physico-chemical properties, including 1 H-and 13 C-NMR data, agreed fully with those of natural FC P. The structure of FC P, therefore, was determined to be that of deisopentenyl-FC J.
The most polar and newly isolated FCs, FC Q and 3-epi-FC Q, from the fungus were determined to have the same molecular formula of C25H42O9 from their HR-FABMS data. Their 1 H-and 13 C-NMR signals were assigned by COSY, DEPT and HMBC methods. These data were similar for each, except for the chemical shifts of C-1, H-1, C-3 and H-3, and closely resembled those of FC P, except for the absence of the 16-O-methyl signal. These observations suggested that these FCs were new deisopentenyl-16-O-demethyl derivatives of FC J. We consequently tried chemical derivation of these new FCs by acid degradation from known 16-O-demethyl-FC J and its 3-epimer, 7) respectively. Deisopentenyl-16-Odemethyl-FC J was prepared from 16-O-demethyl- Known FC H newly isolated from the fungus was identiˆed by its molecular formula, [a]D value, 4) and 1 H-NMR data. 4) Its 13 C-NMR assignment was reinvestigated by COSY, DEPT and HMBC methods ( Table 2 ). The new 3-epi-FC isolated as a metabolite less polar than FC H had the same molecular formula of C26H42O8 as that of FC H from its HR-FABMS data. Its 1 H-and 13 C-NMR spectra (Tables 1 and 2) showed similar signals to those of FC H. The slight diŠerence in chemical shifts of C-1 and C-3 in the 13 C-NMR signals suggested that this new 3-epi-FC was the 3-epimer of FC H. This was conˆrmed by the results of NOE experiments: irradiation of H-17 (d0.89) markedly enhanced the signal of H-3 at d2.39 and that of H-9 at d3.88. The structure of this new 3epi-FC was thus assigned as that of 3-epi-FC H.
The germination-stimulating activity of the newly isolated FCs toward lettuce seeds in the presence of (±)-abscisic acid (10 mg W ml) was examined (Table 3) . 7, 12) Only FC P of the new FCs, this being one of the 16-O-methyl-FCs, induced the germination at a relative low concentration of 10 mg W ml. On the other hand, the other FCs, 3-epi-FC Q and 3-epi-FC H, these being 16-O-demethyl-FCs, showed very weak activity in a concentration range of 30-100 mg W ml, and FC Q and FC H showed almost no activity at a concentration of 100 mg W ml. These diŠerences in the concentration-dependent activity between FC and its 3-epimer have also been observed between 16-O-demethyl-FC J and its 3-epimer. 7) The biosynthesis of FC A in the late stage has been brie‰y discussed by British and Italian workers and ourselves to show or suggest the presence of characteristic FCs H and J, and 16-O-demethyl-FC J. We found in this present study that isolate Niigata 2-A of a peach Fusicoccum canker fungus produced not On the other hand, the biosynthetic intermediates in the early stage of the FC-aglycon biosynthesis have been investigated in detail by us, and (+)-fusicocca-2,10(14)-diene 14) and its 8b-ol 15) ( Fig. 3) were determined as common intermediates in the biosynthesis of FCs J and A. We consider that a fusicocca-1,3(16),10(14)-triene derivative 7) is generated in the fungus from (+)-fusicocca-2,10(14)-dien-8b-ol, because the fusicoccatriene derivative allows the formation of both 3-epimers of FC aglycons. In order to clarify the over all biosynthetic pathway for FC aglycons, we are now searching for putative polyhydroxy-fusicoccane intermediates such as 8b,9adihydroxyl derivatives of fusicocca-1,10(14)-diene and fusicocca-1,3(16),10(14)-triene in the FC-aglycon biosynthesis from the fungus.
